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ABSTRACT  Taurine neurons and-their dendrites and axons
were visualized in the mammalian cerebellum by autoradiogra-
phy, after in vivo injections of [*H]taurine directly into the cere-
bellar cortex or deep cerebellar nuclei, and by immunocytochem-
istry at the light- and electron-microscope levels with antibodies
against cysteine-sulfinic acid decarboxylase (CSADCase; L-cys-
teine-sulfinate carboxylyase, EC 4.1.1.29). Uptake and seques-
tration of [°H]taurine labeled numerous Purkinje cell somata, pri-
mary dendrites, and axons; many granule cell somata, dendrites,
and parallel fibers; stellate, basket, and Golgi cells; the larger
neurons in all deep cerebellar nuclei; the largest neurons in the
lateral vestibular nucleus; and, more rarely, Purkinje cell axonal
terminals in the neuropil. The label at all sites was diminished by
preinjection into the cerebellum of hypotaurine, p-chloromercu-
riphenylsulfonic acid, or B-alanine, and was virtually eliminated
by strychnine. Immunocytochemical labeling with polyclonal an-
tibodies directed against CSADCase, the enzyme responsible for
the synthesis of hypotaurine from cysteine sulfinic acid and tau-
rine from cysteic acid, had a similar distribution. In electron mi-
crographs, immunoreactivity within Purkinje cell somata and den-
drites was localized to the Golgi apparatus, the inner plasma
membrane, and condensed nonmembranous foci (120 nm in di-
ameter) marked by clumps of peroxidase reaction product. Large
Nissl bodies were usually not CSADCase immunoreactive. Nu-
merous immunoreactive granule cells, dendrites, and parallel fi-
bers were recognized. Pretreatment of the animals with colchicine
increased the intensity of CSADCase immunoreactivity but did not
change the number or distribution of labeled cells. These exper-
iments indicate that taurine is synthesized and involved in a spe-
cific uptake process by cerebellar neurons. Neurogllal cells do not
synthesize taurine but some neuroglia take up [*H]taurine. These
findings call for a reexamination of the physiological function of
taurine in the cerebellum. A hypothesis is proposed that taurine
may be involved in the regulation of calcium, in dendritic spike
generation, and in the inhibition of impulse propagation in major
Purkinje cell dendrites.

Taurine (2-aminoethanesulfonic acid) has a simple structure, is
chemically stable, and is the most abundant free amino acid in
animals. Experiments (1, 2) have suggested a possible neuro-
transmitter role; data from microiontophoretic studies on brain
stem neurons (3) and from studies on uptake and release of tau-
rine in the brain in vivo (4), in brain or spinal cord slices (5, 6,
7), in synaptosomes (8, 9), in the retina (10), and in cerebellar
stellate cells (11) appear to support this hypothesis. In mam-
malian nervous tissues, taurine has a number of biosynthetic
routes; the major two involve the transsulfuration pathway of
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methionine to cysteine, the subsequent formation of cysteic acid
or cysteine sulfinic acid, and their conversion to taurine. The
decarboxylation of either cysteine sulfinic acid or cysteic acid
is believed to be catalyzed by a single protein, cysteine-sulfinic
acid decarboxylase (CSADCase; L-cysteine-sulfinate carboxy-
lyase, EC 4.1.1.29) or cysteic acid decarboxylase. The activity
of CSADCase in 1-yr-old calf brain has been found to be high-
est in cerebellar cortex and in a descending order of intensity
in the mesencephalon, diencephalon, corpus striatum, cerebral
cortex, and white matter (12). CSADCase has been purified
recently from bovine brain, and polyclonal antibodies have been
raised and characterized against it (unpublished data). In the
present study, the sites of synthesis, uptake and transport of
taurine were localized in cerebellum by [*H]taurine autoradiog-
raphy and immunocytochemistry at the light microscope and
ultrastructural levels with anti-CSADCase antibodies.

MATERIALS AND METHODS

Autoradiography. [*H]Taurine (New England Nuclear; spe-
cific activity, 20—40 Ci/mmol;1 Ci = 3.7 X 10'°becquerels) was
injected directly through glass micropipettes (tip diameter, 10
um) into the cerebellar cortex and deep cerebellar nuclei of
anesthetized rats (Charles River Breeding Laboratories; 200-g
body weight). [*H]Taurine was injected into four groups of an-
imals, each group receiving a different concentration: 50 uM,
5 uM, 0.5 uM, and 50 nM. The animals received several in-
jections, each <1.0 ul, for a total of 200 uCi in animals re-
ceiving the highest concentration to 0.2 uCi in those receiving
the lowest concentration. Ten minutes after the last injection,
the animals were perfused through the heart with 2% glutar-
aldehyde/0.12 M phosphate buffer, pH 7.4 (13, 14). The cer-
ebellum was fixed overnight and then soaked in 0.1 M Tris, pH
7.4/5% sucrose. Serial frozen sections (10 wm thick) were ob-
tained on a cryostat (Dittes), and autoradiographs were pre-
pared with NTB-2 emulsion (Kodak) (14, 15) by the dipping
method. Autoradiographs were exposed for 4 wk and developed
in D19 (Kodak). In control experiments, each of four additional
groups of rats were pretreated with one of the following sub-
stances: hypotaurine (1 mM), p-chloromercuriphenylsulfonic
acid (0.1 mM), B-alanine (10 mM), or strychnine (1 mM). In
each animal, the agent was delivered by glass micropipettes in
three penetrations into the cerebellum for a total of 2 ul over
2-5 min. [*H]Taurine was injected into the same sites in the
cerebellum. The animal was perfused 10 min later through the
heart with fixatives, and the tissues were processed as described.

Abbreviations: CSADCase, cysteine-sulfinic acid decarboxylase; PAP,
peroxidase-antiperoxidase.
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Immunocytochemistry. The indirect peroxidase-labeled sec-
ond antibody method, the peroxidase-antiperoxidase (PAP)
method, and normal rats (200 g; Charles River Labs) were used
in these studies (16, 17). In addition, rats were injected intra-
peritoneally with demecolcine (1 mg/kg of body weight) 16 hr
before fixation to retard axoplasmic transport. Each was fixed
after anesthesia by perfusion through the heart with fixative.
The fixatives consisted of 4% HCHO/0.12 M phosphate buffer
beginning at pH 6.5 and ending at pH 11 or 4% HCHO/0.04
M phosphate buffer, pH 7.4, with sodium periodate (0.55 g/
liter) and lysine (3.42 g/liter). For electron-microscope studies,
0.1% glutaraldehyde was added to the fixative. Tissues were
stored overnight in fixative with or without sucrose (8.5%) and
subsequently were sectioned at 50 um on a Vibratome. For
staining, loose sections were incubated in individual chambers
in plastic trays in the following sequence: in 25 mM hydroxyl-
amine (15-60 min, to block unreacted aldehyde groups from
the fixation); in 10% normal goat serum with 0.02% Triton X-
100 or 0.1% saponin for 1 hr to block nonspecific immunoglob-
ulin binding (thus reducing background) and to aid penetration
by antibodies; buffer rinses; anti-CSADCase antibodies at di-
lutions of 1:40 to 1:2,000 for 16 hr at 4°C or 1-2 hr at room tem-
perature or 37°C; buffer rinses; goat anti-rabbit antiserum
(1:100 dilution) or peroxidase-conjugated goat anti-rabbit anti-
serum (1:100 dilution); buffer rinses; PAP complex (1:100 di-
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lution for 90 min at 37°C); buffer rinses; and finally diamino-
benzidine tetrahydrochloride with Hy,O,. For electron micro-
scopy, no detergents were used and individual sections were
postfixed in 1% glutaraldehyde/1% HCHO/0.12 M phosphate
buffer with osmium tetroxide, dehydrated in methanol, and
embedded in Spurr’s low viscosity resin.

The anti-CSADCase antibodies are polyclonal, raised in rab-
bits against CSADCase, and purified to homogeneity from bo-
vine brain. The purity of the protein was established by poly-
acrylamide gel electrophoresis and immunodiffusion testing
(18). Antibodies to CSADCase appear specific to this antigen
as established by double immunodiffusion, immunoelectropho-
resis, microcomplement-fixation, and enzyme-inhibition tests
(unpublished data). No crossreactivity exists between CSAD-
Case and glutamic acid decarboxylase. Controls were done with
serum from nonimmunized rabbits, serum from rabbits im-
munized against ovalbumin, and immune serum preabsorbed
with CSADCase.

RESULTS

Cellular locations of [*H]taurine uptake were visualized in all
autoradiograms produced at the four [*H]taurine concentrations
administered. In the cerebellar cortex, the most conspicuous
label was found over many (but not all) Purkinje cells, partic-
ularly over the main dendritic stems and major bifurcations, less

Fic. 1. Rat cerebellum labeled by autoradiography after in vivo microinjections of [*H]taurine. (a) Cerebellar cortex in normal rat with labeling
in Purkinje cell somata (P), major dendrites (arrows), and in the granular layer, particularly granule cells (encircled). (b) Dentate nucleus in normal
rat with labeled larger nuclear cell (crossed arrow) and processes in the neuropil (small arrows). (c) Cerebellar cortex after pretreatment with p-
chloromercuriphenylsulfonic acid, an uptake inhibitor, by in vivo injection 10 min prior to injection of [*H]taurine. There is diminished labeling
of Purkinje cells (P) and dendrites (arrows). (d) Pretreatment with strychnine by in vivo injection, followed by injection of [*Hltaurine. Only a back-
ground level of grains appears. Purkinje cells (P) are indicated. All preparations were counterstained with cresyl violet. (x200.)
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over the somata, and rarely over the axonal plexus in the deep
cerebellar nuclei. About one-third of the stellate, basket, and
Golgi cells were also labeled. Granule cells were labeled, and
the lower molecular layer had a heavy deposition of label, sug-
gesting contribution by their axons (Fig. 1a). In the deep cer-
ebellar nuclei, many of the larger cells were labeled, as were
some axons in the neuropil (Fig. 1b). Local pretreatment of the
injection site with hypotaurine, p-chloromercuriphenylsulfonic
acid, and B-alanine reduced the intensity of labeling after
[*H]taurine administration (Fig. 1c). However, virtual elimi-
nation of labeling with [*H]taurine was obtained only with
strychnine local pretreatment (Fig. 1d). [*H]Taurine labeled
neuroglial cells, but they formed only a minor proportion of all
labeled elements in the cerebellar cortex or nuclei.

In the normal cerebellum CSADCase immunoreactivity was
present in most but not all Purkinje neurons, particularly in
primary dendritic segments and bifurcations and, to a lesser
extent, in the cell somata (Fig. 2a). Purkinje axons and terminals
were stained markedly less frequently both in the cortex and
in the deep nuclei. A number of stellate, basket, and Golgi cells
were CSADCase positive in somata, axons, and dendrites. Most
remarkably, CSADCase reactivity appeared in many granule
cell somata and dendrites in the granular layer and in their ax-
ons, the parallel fibers in the molecular layer (Fig. 2 a and ¢).
In some areas of the cortex, such as in lobules I and X (including
the flocculus), most of these various cell types were heavily re-
active. In the other lobules, fewer were labeled. In all of the
deep cerebellar nuclei, a considerable number of larger neu-
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rons (diameters, =~25-30 um) were CSADCase positive. Some
of these neurons displayed a few CSADCase-positive terminals
on their somata, presumably contributions from Purkinje cells
in the overlying cortex; however, the stained axons or boutons
in the cerebellar nuclei were not numerous (Fig. 2d). In col-
chicine-treated animals, the intensity of CSADCase immuno-
reactivity was increased, particularly over cell somata and pri-
mary dendrites of Purkinje cells, granule cells, and deep nuclear
cells (Fig. 2b). No stained neuroglial cells were seen.
Electron microscopy confirmed these findings. Represen-
tatives of all the neuronal types described above showed CSAD-
Case immunoreactivity (see Fig. 3 a-¢). The nuclei of all labeled
neurons were devoid of reaction product. In Purkinje cell so-
mata (Fig. 3a), CSADCase reactivity was concentrated on the
inner plasma membrane and in the cytoplasmic matrix around
the Golgi apparatus, ribosomes, filaments, and smooth endo-
plasmic reticulum, generally avoiding organized Nissl sub-
stance and mitochondria. In the dendrites, CSADCase reactiv-
ity was found around microtubules, smooth endoplasmic
reticulum, ribosomes, and filaments, and throughout the cyto-
plasmic matrix. In the somata and dendrites, CSADCase reac-
tivity appeared to be condensed in 120-nm nonmembranous foci
marked by electron-dense peroxidase reaction product. CSAD-
Case immunoreactive postsynaptic elements (Fig. 3c) and pre-
synaptic and axonal elements (Fig. 3¢) were also observed. In
axonal varicosities, CSADCase immunoreactivity was present
in the presynaptic matrix and around the external surfaces of
small synaptic vesicles. Control sections treated with preim-

Fig. 2. Rat cerebellar cortex and dentate nucleus labeled by immunoreactivity with anti-CSADCase antibodies and the indirect peroxidase
conjugate and PAP method visualized by p-dimethylaminoazobenzene. (@) Vermis lobule I, sagittal section in the normal rat. Note the staining of
four Purkinje cell somata (P) and their primary dendrites, several stellate cells (S) and basket cells (B), and numerous granule cells (g). (b) Vermis
lobule V, sagittal section in rat pretreated with colchicine. Note the intense staining of several Purkinje cells (P) and their primary dendrites (arrows)
and the lack of staining in others (crossed arrows). In the granular layer, a number of granule cells (g) are heavily immunoreactive. (c) Vermis lobule
VI, horizontal section in normal rat. Note the labeled varicose parallel fibers running in separated ranks from left to right. In between are cross-
sectioned Purkinje cell dendritic trunks (arrows). (d) Dentate nucleus with several CSADCase immunoreactive neurons (arrows). (x200.)
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mune serum, anti-ovalbumin antibodies, and anti-CSADCase
antiserum preabsorbed with CSADCase showed no immuno-
reactivity.

DISCUSSION

The match between cerebellar neurons with CSADCase im-
munoreactivity and those with [*H]taurine uptake systems with
respect to cell type and location supports the hypothesis that
many Purkinje neurons, stellate, basket, Golgi cells, granule
cells, and some deep cerebellar nuclear neurons synthesize and
utilize taurine. Taurine has been implicated as an inhibitory
transmitter (1, 19) and, therefore, its presence in neurons that
are known to have inhibitory roles (20) in the cerebellar circuits,
such as Purkinje cells, stellate, basket, and Golgi neurons,
might be expected. However, the presence of taurine in granule
cells and in deep cerebellar projection neurons, which are gen-
erally considered to be excitatory elements (21), calls for a reex-
amination of their roles in the cerebellar circuits.

The size and locations of taurine-labeled neurons in all of the
deep nuclei indicate that they may be projection neurons.
[**S]Methionine is readily converted in vivo and in vitro in rat
brain (22, 23) to 35S-labeled cysteine, taurine, and sulfate and
is incorporated into brain proteins. Recently the cerebellofugal
projections from the dentate nucleus in rhesus monkey and lat-
eral nucleus in rats have been traced in autoradiographic studies
after in vivo microinjections of high-specific-activity [33S]-
methionine directly into the nucleus (14). Neurons in the in-
jection sites rapidly transport **S-labeled material through their
massive axonal plexuses to the rest of the brain, particularly the
brain stem and thalamus according to a strict topographic or-
ganization. These projections likely belong to the taurinergic
cerebellar nuclear neurons. Whether any taurine nuclear neu-
rons are local-circuit neurons remains to be established.

In the Purkinje cell, primary dendrites, their branch points,
and the cell body represent the major synthetic and uptake sites
for taurine. These dendritic branch points have a highly spe-
cialized structure and innervation (13, 24). They are completely
draped by climbing fibers, which synapse on thorns, and by
numerous basket and stellate cell axons. It has been proposed
that, at these locations, the integration between excitatory and
inhibitory influences occurs, and the resultant effect may se-
lectively tune in or out whole segments of dendritic tree distal
to these branch points (24, 25). It has been reported that cal-
cium-dependent dendritic spikes develop at these branch
points (25, 26). We suggest that taurine might be associated with
the calcium dendritic spike process.

Finally, it should be noted that Purkinje cells are chemically
heterogeneous. They have been known to contain y-amino bu-
tyrate (21, 27) and motilin (28, 29), and some even contain both
(28). The present paper demonstrates that many contain
taurine.
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Fic. 3. Electron micrographs of CSADCase immunoreactive neurons and their processes in the rat cerebellum. (a) Purkinje cell somata with
unlabeled nucleus (PC n) and cytoplasm without immunoreactivity in Nissl substance (N) and mitochondria. The densest foci of immunoreactivity
are represented by 120-nm round nonmembrane-associated collections of peroxidase reaction product (arrows, enlarged in Fig. 3b). (x5,000.)
(b) Intensely immunoreactive, 120-nm CSADCase plaques labeled with peroxidase reaction product in somata and particularly in major dendrites
of Purkinje cells. (x25,000.) (c) Synaptic junction (between arrows) formed by an unidentified axon (Ax) and a CSADCase-immunoreactive dendrite
D, containing an unlabeled mitochondrion (m). (x60,000.) (d) A field of four granule cells, two of them without staining (G;, G) and two others
(Gs, G;) CSADCase immunoreactive in somata and emerging dendrite. (x9,000.) (¢) Molecular layer of the cerebellar cortex in sagittal section
showing CSADCase-immunoreactive parallel fibers (arrows) (compare with Fig. 2¢) and an axon of a cortical interneuron (Ax) similarly marked.

(x17,500.)



